Introduction
============

A new era in dentistry was introduced because of the unique combination of mechanical and physical properties of zirconia, with fracture toughness being particularly important.^[@bib1]^ However, the use of zirconia may be limited by recent reports of chipping of veneering porcelain, which was added primarily for aesthetic reasons. Multiple factors have been proposed to affect the frequency and severity of chipping including mismatch of the thermal expansion co-efficient of the veneering porcelain and the zirconia substructure,^[@bib2]^ thickness of the veneering porcelain,^[@bib3]^ design of the zirconia framework,^[@bib4]^ mechanically defective microstructural regions in the porcelain,^[@bib5]^ overloading and fatigue,^[@bib6]^ lower flexural strength of the veneering porcelain,^[@bib7]^ high cooling rate,^[@bib3]^ materials of veneering ceramic, zirconia framework material, and type of surface treatment (e.g. airborne-particle abrasion).^[@bib8],[@bib9]^

For example, Aboushelib *et al*. concluded that the bond strength of zirconia and veneering porcelain was lower compared with other ceramic-ceramic systems, which suggested that chipping can be affected by the layering technique of the veneering porcelain.^[@bib10]^ Also, Tholey *et al*.^[@bib11]^ found that the application of wet porcelain (porcelain mixed with distilled water) during the veneering process produced a tetragonal-to-monoclinic (t → m) transformation (TMT) at the surface of the zirconia framework. However, there was no transformation when dry porcelain was used. It was concluded that starting with a very thin layer of dry porcelain followed by wet porcelain prevented destabilization of the tetragonal phase at the interface between zirconia and the veneering ceramic. Therefore, a liner could be applied on zirconia to improve the bond strength between the zirconia and porcelain after sandblasting the zirconia core.^[@bib12]^ Stoner *et al*. introduced the discovery of crystalline defects that can form in the porcelain veneering layer when in contact with yttria-stabilized zirconia and the micro-computerized tomographic scanning data showed that yttrium--silicate precipitates were distributed throughout the thickness of the porcelain veneer.^[@bib13]^ Furthermore, it has also been shown that the TMT can be triggered by the application of hydrofluoric acid (HF).^[@bib14]^

Aging or low-temperature degradation (LTD) is proposed to be another limitation of zirconia when it is exposed directly to the oral environment and that LTD may have a negative effect on the mechanical properties and stability of tetragonal phase as reported by Alghazzawi *et al*.^[@bib15]^ for simulated preparations of zirconia dental restorations. Also, it has been shown that *in vivo* LTD can be simulated by steam autoclaving at a temperature of 134 °C and a pressure of 0.2 MPa for a period of 5 hours, according to ISO 13356 recommendations.^[@bib16]^ Furthermore, the amount of transformed monoclinic phase and thereby the depth of transformation^[@bib17],[@bib18],[@bib19],[@bib20],[@bib21]^ can be influenced by the aging time^[@bib22]^ and measurement techniques.^[@bib23]^ Several studies have said that the mechanism(s) of the accelerated, low-temperature TMT is not fully understood.^[@bib24],[@bib25],[@bib26]^

*In vivo* studies have shown that chipping of the veneering porcelain is the major failure mode for zirconia dental restorations.^[@bib27],[@bib28]^ The TMT during aging could be a contributory factor for chipping. Thus the incomplete understanding of the effects of (1) firing of veneering porcelain on the zirconia if it can cause TMT at the porcelain--zirconia interface, (2) veneering porcelain on zirconia after aging, and (3) their synergy makes it important to conduct a systematic study of the stability of porcelain veneered tetragonal zirconia under aging conditions.

The objectives of this study were to determine (1) if there is an influence of the layering and pressing techniques on the amount of TMT in the zirconia and (2) if porcelain affects the amount of TMT caused by aging. Quantitative X-ray diffraction (XRD) was used to determine both the percentage of transformation and the depth distribution of the monoclinic phase. The effects of thermal exposure and zirconia/porcelain reactions were determined using control samples and removal of the porcelain using HF. The hypotheses were: (1) there will be a difference in the amount of TMT between porcelain layering and pressing of porcelain and (2) veneering porcelain will not prevent the "normal" aging by isolating the zirconia from the moisture.

Materials and methods
=====================

Specimen preparation and surface treatments
-------------------------------------------

Thirty-six square-shaped zirconia samples (4 mm thick, 10 mm long, and 10 mm wide) were milled in green stage (presintered form) and sintered (no polish or glaze) simulating core fabrication often used before application of porcelain. The commercial names of all materials and equipment with the corresponding manufacturers are listed in [Table 1](#tbl1){ref-type="table"}.

The milled and sintered samples were exposed to various combinations of surface treatments and then distributed into 12 groups as shown in [Table 2](#tbl2){ref-type="table"} with 3 samples per each group. Groups were selected in order to determine the effects of individual and combinations of processing stages. Variables included: (1) HF treatment; (2) exposure to the liner firing temperature (without liner); (3) application of liner; (4) exposure to porcelain application temperature (without porcelain); (5) application of porcelain by manual layering; (6) application of porcelain by pressing; and (7) aging. One group was evaluated without any surface treatment as a control to determine the amount of TMTs as received from the manufacturer (without aging: control group, after aging: Ag group).

The surface treatment with HF alone (HF group) was used to determine the effect of HF on the zirconia surface (amount of monoclinic phase) when this acid is used for dissolving the liner, layered and pressed porcelain followed by exposing the surface of zirconia samples. Furthermore, the treatment of firing at 910 °C was used to determine the effect of this step used during layering and pressing of porcelain on the zirconia samples (amount of monoclinic phase). The ultimate goal was to determine if the TMTs in the zirconia underneath veneering porcelain were related to the aging process, and not caused by HF or/and firing temperature at 910 °C treatments.

Aging process
-------------

The aging procedure was done using a steam autoclave aging according to ISO 13356 recommendations;^[@bib16]^ however, the aging time was extended for a period of 50 hours to maximize any observed effects.^[@bib29]^

Layering of porcelain
---------------------

The veneering and firing of the veneering materials were performed according to ISO 9693:1999 with the aid of a silicone fixture to achieve standardized thickness of the layered porcelain which was measured using a caliper with accuracy ±0.001 mm. The liner was applied to form a thickness of 0.1 mm. The porcelain application (Vitapan Classical Shade D4) was implemented with a wash- and dentin-firing technique for the initial wetting of zirconia samples. This technique involves the firing of a very thin layer of veneering porcelain with a thickness of 0.5 mm in a furnace chamber. Subsequently, the building up and firing of the dentin porcelain was carried out completed followed by finishing and polishing. The total thickness of the liner and dentin porcelain was adjusted to 2 mm. The firing schedule of the veneering ceramics was as recommended by the manufacturer which was included in [Table 3](#tbl3){ref-type="table"}.

Pressing of porcelain
---------------------

The liner was applied with the same method as layering of porcelain. However, an inlay wax was added onto the zirconia samples. The samples with wax were sprued, invested, and pressed with porcelain (Vitapan Classical Shade D4) according to manufacturer instructions. The total thickness of the liner and dentin porcelain was adjusted to 2 mm.

Hydrofluoric acid surface treatments
------------------------------------

All the samples of the groups (except the control, T-Lin, and Ag groups) were immersed in a mini-rubber bowel filled with HF acid for 45 minutes per the manufacturer\'s recommendation. The HF acid was changed after the immersion of each group. All surface treatments including liner and porcelain applications were performed on the top surface which was not inscribed, while the (+) symbol was inscribed on the bottom surface using a sharp knife to differentiate the top and bottom surfaces after removal of the liner and porcelain. Since the porcelain on the top surface of the samples was of a darker color (Vitapan Classical Shade D4), this layer was readily delineated and removed by application of the HF acid. Therefore, the top surface of the zirconia was exposed chemically and not subjected to mechanical cutting with a diamond stone that would induce TMT. Assuming that the HF acid application for removal of the porcelain would cause very minimal or no effect on the top surface of the samples as going to be investigated by XRD in this experiment, the data from the aging process should provide reliable and accurate analysis.

X-ray diffraction
-----------------

The phase distribution was analyzed on the top surface of the samples using an X-ray diffractometer with Cu Kα radiation and scans at 40 kV, 30 mA with a step size of 0.004° per step and a scan time of 8 s per step. The TMT was measured on the top surfaces of the samples. A low glancing angle of 3 degrees was used to detect the amount of monoclinic phase with 2*θ* scans of Bragg--Brentano geometry to be 27°--38°. The monoclinic weight fraction is given by the following equation: where and represent the intensity of the monoclinic peaks (2*θ* = 28° and 2*θ* = 31.2°, respectively) and providing the intensity of the respective tetragonal peak (2*θ* = 30°).^[@bib30]^

The monoclinic volume fraction (*F*~m~) was calculated using the following equation: The depth of the transformed layer was calculated on the basis of the volume of the m-phase, considering that a constant fraction of grains had symmetrically transformed to m-phase along the surface, as described by Kosmac *et al*.^[@bib31]^ Where *θ* (=15°) is the angle of reflection, *μ* (0.064 2 µm^−1^) is the absorption coefficient and *F*~m~ was calculated from [Equation 2](#equ5){ref-type="disp-formula"}.

Statistical analysis
--------------------

The measurements for the three samples per each group were averaged. The number of samples selected per each group in the present study was based on past publications.^[@bib15]^ For each of the values, *X*~m~, *F*~m~, and PZT, a one-way analysis of variance (ANOVA) was performed comparing all groups. In each case, a significant *P*-value of (\<0.05) was selected for the ANOVA. Post hoc pairwise comparisons were done for each group one to another using the Tukey\'s HSD test. This approach allows adjustment of the *P*-value for the multiple comparisons.

Results
=======

Description of zirconia peaks
-----------------------------

The top of the tetragonal peak was distorted in most of the samples with widening after the zirconia samples were milled and sintered compared with tetragonal phase ()in few samples (control group) as shown in [Figure 1](#fig1){ref-type="fig"}.

Control group
-------------

The control samples (control group) as provided from the dental laboratory after milling and sintering process demonstrated no TMT (*X*~m~ = 0.00, *F*~m~ = 0.00, PZT = 0.00) as shown in [Table 4](#tbl4){ref-type="table"}.

Effect of HF on zirconia
------------------------

There was an effect of HF application on zirconia samples with TMTs (HF group: *X*~m~ = 0.8% ± 1.38%, *F*~m~ = 1.04% ± 1.8%, PZT = (0.02 ± 0.04) µm) but with no statistical difference (*P* \> 0.05) when compared to control samples, as shown in [Table 4](#tbl4){ref-type="table"}. However, there was no or peaks on the XRD, but the tetragonal phase ()was wider with similar peak morphology compared with control samples, as shown in [Figure 2](#fig2){ref-type="fig"}.

Effect of temperature similar to firing liner (with no liner application)
-------------------------------------------------------------------------

There was no effect of temperature when tested using conditions similar to firing the liner (with no liner application) (T-Lin group: *X*~m~ = 0.00, *F*~m~ = 0.00, PZT = 0.00) on zirconia samples compared with control samples, as shown in [Table 4](#tbl4){ref-type="table"}. The effect of temperature (similar to firing) for the liner (with no liner application) plus HF application was (T-Lin/HF group: *X*~m~ = 0.7% ± 1.2%, *F*~m~ = 0.91% ± 1.57%, PZT = (0.02 ± 0.03) µm) on zirconia samples which was very similar to HF applied alone (HF group) on zirconia samples. However, there was no statistical difference (*P* \> 0.05), as shown in [Table 4](#tbl4){ref-type="table"}.

Effect of liner application on zirconia
---------------------------------------

There was an effect of liner plus HF applications on zirconia samples related to TMTs (Lin/HF group: *X*~m~ = 8.7% ± 4.64%, *F*~m~ = 11.06% ± 5.72%, PZT = (0.24 ± 0.13) µm) with a statistical difference (*P* \< 0.05) from T-Lin and T-Lin/HF groups for *X*~m~ (*P* = 0.035 3) and *F*~m~ (*P* \< 0.000 1), as shown in [Table 4](#tbl4){ref-type="table"}. There was a peak with no peak on the XRD representing the shifting of tetragonal phase () to a higher 2*θ* value with a similar peak morphology compared with control samples, as shown in [Figure 3](#fig3){ref-type="fig"}. However, there was no statistical difference (*P* \> 0.05) in *X*~m~, *F*~m~, and PZT when the liner was applied compared with samples exposed to temperature similar to firing of porcelain by manual layering (Lin/T-ML/HF group) and pressing (Lin/T-Prs/HF group) techniques. Furthermore, there was no statistical difference (*P* \> 0.05) in *X*~m~, *F*~m~, and PZT when the liner was applied compared with samples covered with porcelain by manual layering (Lin/ML/HF group) and pressing (Lin/Prs/HF group) techniques. There was a similar peak in groups Lin/HF, Lin/T-ML/HF, Lin/ML/HF, Lin/Prs/HF, Lin/T-Prs/HF (bigger peak with Lin/HF group than Lin/T-ML/HF, Lin/ML/HF, Lin/Prs/HF, Lin/T-Prs/HF groups) with no peak present. The shape of the tetragonal peaks were very similar in all groups (Lin/HF, Lin/T-ML/HF, Lin/ML/HF, Lin/Prs/HF, Lin/T-Prs/HF) related to matter of pyramid and width as shown in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}.

Effect of aging process on the control group
--------------------------------------------

There was a large effect of the aging process on zirconia samples with significant TMTs (Ag group: *X*~m~ = 70.25% ± 0.26%, *F*~m~ = 75.58% ± 0.23%, PZT = (2.48 ± 0.02) µm) with statistical difference (*P* \< 0.05) from all other groups for *X*~m~ (*P* \< 0.000 1), *F*~m~ (*P* \< 0.000 1), and PZT (*P* \< 0.000 1) as shown in [Table 4](#tbl4){ref-type="table"}. There was a large peak with shortening representing the tetragonal phase ()with a bulbous peak top morphology and appearance of peak compared with control samples, as shown in [Figure 6](#fig6){ref-type="fig"}.

Effect of temperature similar to firing of porcelain using two techniques
-------------------------------------------------------------------------

There was no statistical difference (*P* \> 0.05) in in *X*~m~, *F*~m~, and PZT when different temperatures were utilized representing the firing of porcelain when using manual layering (Lin/T-ML/HF group: *X*~m~ = 6.15% ± 1.86%, *F*~m~ = 7.90% ± 2.34%, PZT = (0.17 ± 0.04) µm) and pressing (Lin/T-Prs/HF group: *X*~m~ = 7.78% ± 3.69%, *F*~m~ = 9.93% ± 4.58%, PZT = (0.21 ± 0.1) µm) with no aging process, as shown in [Table 4](#tbl4){ref-type="table"}.

There was no statistical difference (*P* \> 0.05) in in *X*~m~, *F*~m~, and PZT when the temperature was similar to firing porcelain using manual layering with no porcelain application (Lin/T-ML/HF group) and samples covered with porcelain using manual layering pressing of porcelain samples (Lin/ML/HF group: *X*~m~ = 5.58% ± 0.74%, *F*~m~ = 7.19% ± 0.94%, PZT = (0.15 ± 0.02) µm) with no aging process, as shown in [Table 4](#tbl4){ref-type="table"}. Furthermore, there was no statistical difference (*P* \> 0.05) in in *X*~m~, *F*~m~, and PZT when temperature was similar to firing of porcelain when using pressing with no porcelain application (Lin/T-Prs/HF group) and samples covered with porcelain using pressing (Lin/Prs/HF Group: *X*~m~ = 6.74% ± 1.35%, *F*~m~ = 8.65% ± 1.7%, PZT = (0.18 ± 0.04) µm) with no aging process, as shown in [Table 4](#tbl4){ref-type="table"}.

Effect of porcelain application
-------------------------------

There was no statistical difference (*P* \> 0.05) in *X*~m~, *F*~m~, and PZT between samples covered with porcelain using manual layering (Lin/ML/HF group) and samples covered with porcelain using pressing (Lin/Prs/HF group) with no aging process, as shown in [Table 4](#tbl4){ref-type="table"}. Furthermore, there was no statistical difference (*P* \> 0.05) in the *X*~m~, *F*~m~, and PZT between samples covered with porcelain using manual layering (Lin/ML/Ag/HF group: *X*~m~ = 4.41% ± 1.42%, *F*~m~ = 5.69% ± 1.81%, PZT = (0.12 ± 0.04) µm) and samples covered with porcelain using pressing (Lin/Prs/Ag/HF group: *X*~m~ = 11.57% ± 7.06%, *F*~m~ = 14.52% ± 8.57%, PZT = (0.32 ± 0.21) µm) after aging process, as shown in [Table 4](#tbl4){ref-type="table"}. There was obvious and peaks in Lin/Prs/Ag/HF group samples compared with Lin/ML/Ag/HF group samples. The tetragonal peak was longer for Lin/Prs/Ag/HF group samples compared to Lin/ML/Ag/HF group samples with similar width, as shown in [Figure 7](#fig7){ref-type="fig"}.

Depth of transformation
-----------------------

There was a statistical difference (*P* \< 0.05) between Ag group *vs.* all groups (from control group to Lin/Prs/Ag/HF group), between Lin/Prs/Ag/HF group *vs.* control, HF, T-Lin, T-Lin/HF groups, and between Lin/HF group *vs.* T-Lin, T-Lin/HF groups for *X*~m~, and *F*~m~. However, the depth of transformation was statistically different between Ag group *vs.* all groups (from control to Lin/Prs/Ag/HF group), and between Lin/Prs/Ag/HF group *vs.* control, HF, T-Lin, T-Lin/HF groups only.

Discussion
==========

A tetragonal to monoclinic phase transformation was assessed using a glancing angle of 3° because the highest transformation is located at the surface of zirconia samples and it is decreasing as going inward.^[@bib15]^

The morphology of the tetragonal peak
-------------------------------------

There was no benefit to study the TMT on polished zirconia samples because the amount and volume of monoclinic phase was already zero after milling and sintering (control group). However, the difference between the milled, and sintered zirconia samples and polished samples could be in the shape of the top of the tetragonal peak which is distorted. The distortion could be as result of milling and sintering as compared with other literature.^[@bib15]^

The effect of hydrofluoric acid on zirconia
-------------------------------------------

There was an effect of HF on the surface properties of this zirconia with little TMT (HF group). Therefore, treatment with HF did not alter the overall results, with all other groups related to removal of the liner and porcelain. These results are in agreement with the study of Sriamporn *et al*.^[@bib14]^ which showed the effect of HF caused surface roughened and etched zirconia which was dependent on immersion time and HF solution temperature. The zirconia samples were not studied after liner application alone without HF because the surface of the zirconia needed to be exposed by the use of HF to detect the TMTs.

Aging process on zirconia
-------------------------

There were no TMTs (*X*~m~ and *F*~m~ = 0.00) detected in the control group by XRD. However, the Ag group had a very significant TMT (*X*~m~ = 70% and *F*~m~ = 75%). Therefore, the hypothesis that veneering porcelain will not prevent the "normal" aging by isolating the zirconia from the moisture would be rejected. The main difference in the *X*~m~ and *F*~m~ on both control and Ag groups was attributed to presence of cracks and defects (on the zirconia surface after milling and sintering) which were formed after milling process. Furthermore, the surface cracks and defects were not eliminated completely by the effect of sintering temperature. These surface cracks and defects could provide a pathway for entrance of water molecules and thereby cause disruption in the atomic network of the zirconia samples.^[@bib24],[@bib25],[@bib26]^ Additionally, the process could be further accelerated by the longer aging time (50 hours). This interpretation is consistent with literature in which the increased aging time can contribute to a higher values of *X*~m~.^[@bib22]^

The effect of liner and porcelain on tetragonal to monoclinic transformation
----------------------------------------------------------------------------

The temperature (1 090 °C) similar to firing of the liner (T-Lin group) did not cause a TMT but application of HF alone (HF group) caused a small TMT. However, when the liner was applied on the zirconia samples combined with HF application (to remove the effect of liner) this caused a significant TMT. This transformation could have been caused by ion exchanges between liner and surface layer of zirconia, especially when the surface was rough after milling and sintering which could have further enhance disruption of zirconia network and result of increased ion exchanges.^[@bib12]^ However, when the porcelain was applied by manual layering or pressing, this did not cause any significant opposite monoclinic to tetragonal transformation, therefore, the metastability of zirconia is determined by the type of surface treatment induced on zirconia.^[@bib32],[@bib33]^ The opposite monoclinic to tetragonal transformation did not happen because the zirconia samples were sealed by the liner and there was no significant difference between the two techniques of porcelain applications. Therefore, the hypothesis that there will be a difference in the amount of TMT between porcelain layering and pressing of porcelain would be rejected. However, future research must be done to study the effect of porcelain application on zirconia with no liner after aging process.

Comparison of X~m~ and F~m~ with the literature\</emph\>
--------------------------------------------------------

The results in this study (*X*~m~ = 0--70.25% and *F*~m~ = 0--75.58%) were different from what has been documented because of a difference in measurement instrument^[@bib23]^ (XRD *vs.* Raman Spectroscopy), type of zirconia (yttria-stabilized, magnesia-stabilized, and ceria-stabilized), aging method (autoclaving *vs.* boiling), aging time, type of glancing angle^[@bib15]^ (surface *vs.* bulk), and surface treatment (heat, sandblasting, grinding).

Depth of transformation
-----------------------

In the present study, the depth of transformation, calculated mathematically from the volume of monoclinic fraction (*F*~m~) as proposed by Kosmec *et al*.,^[@bib31]^ resulted in values that were lower and similar to other studies.^[@bib20],[@bib21]^ However, when the depth of transformations were measured directly on scanning electron microscopy (SEM), the values were greater than calculated mathematically.^[@bib17],[@bib18],[@bib19]^

A limitation of this study is the surface topography of zirconia grains was not studied by SEM or atomic force microscopy. Future proposed research will include: (1) the correlation of amount of TMT with chipping of porcelain and overall mechanical properties, and (2) comparison of the amount of TMT when the zirconia covered with porcelain and polished/glazed zirconia to determine if there is a difference between covering the zirconia and highly polished/glazed zirconia which are to be used as monolithic zirconia restorations.

Conclusions
===========

Porcelain demonstrated an ability to protect zirconia substrates from TMT during aging and was no difference between layering and pressing of porcelain in the change to monoclinic phase.HF demonstrated etching of zirconia and caused a TMT, but it was not statistically different for the zirconia group after a milling and sintering process.There was no effect of a liner on the volume fraction of monoclinic phase and depth of TMT when comparing manual layering and pressing of porcelain.

This experiment was supported in part by Deanship of Research, Taibah University, Kingdom of Saudi Arabia, and Matt Winstead, CDT, Vice President, Oral Arts Dental Labs, Huntsville, AL, USA.

![**The morphology of the tetragonal phase was dictated by the amount of surface roughness.** Most of the samples showed distortion in the peak of tetragonal phase (**b**) and few samples showed no distortion (**a**). T, tetragonal phase.](ijos201520f1){#fig1}

![**The effect of HF on the control samples.** There was a little monoclinic phase (*X*~m~ = 0.8%) but it was not detectable on the XRD scan. XRD, X-ray diffraction.](ijos201520f2){#fig2}

![**The effect of liner on zirconia samples.** There was a detectable amount of monoclinic phase (*X*~m~ = 8.7%) after application of liner compared with the control samples.](ijos201520f3){#fig3}

![**Comparison of the monoclinic phase between liner application, temperature for pressing (with no porcelain), and temperature for layering porcelain (with no porcelain).** There was larger amount of monoclinic phase when the liner was applied (*X*~m~ = 8.7%) than samples fired with temperature used for pressing porcelain (*X*~m~ = 7.78%) and layering porcelain (*X*~m~ = 6.15%) with no porcelain.](ijos201520f4){#fig4}

![**Comparison of the monoclinic phase between liner application, pressing porcelain, and layering porcelain with no aging.** There was larger amount of monoclinic phase when the liner (*X*~m~ = 8.7%) was applied than the samples pressed (*X*~m~ = 6.74%) and layered (*X*~m~ = 5.58%) with porcelain, but the difference was not statistically significant (*P* \> 0.05).](ijos201520f5){#fig5}

![**The effect of aging on the control groups.** There was a large amount of monoclinic phase (X~m~ = 70.25%) after aging compared with the control samples.](ijos201520f6){#fig6}

![**Effect of porcelain on the protection of control group from aging using two different techniques.** There was larger amount of monoclinic phase when the porcelain pressed (*X*~m~ = 11.57%) compared with layered porcelain (*X*~m~ = 4.41%), but the difference was not statistically significant (*P* \> 0.05).](ijos201520f7){#fig7}

###### The commercial names of all materials and equipment with the corresponding names of the manufacturer companies

  Materials/equipment                      Commercial name                                                 Company
  --------------------- ------------------------------------------------------ ----------------------------------------------------------------
  Materials                     Zirconia square-shaped samples (Argen)                    The Argen Corporation, San Diego, CA, USA
                                          Hydrofluoric acid                             Stripit, Keystone Industries, Winder, GA, USA
                                          Pressing porcelain                    e.max ZirPress D3, Ivoclar, Ivoclar Vivadent, Amherst, NY, USA
                                 Layering porcelain (body porcelain)                  Cerabien ZR, Kuraray Noritake Dental, Tokyo, Japan
                                                Liner                              Shade Base Stain, Kuraray Noritake Dental, Tokyo, Japan
                                              Inlay wax                                  Rapid dipping wax, AST, Huntsville, Al, USA
  Equipment                                   Micrometer                                  The L. S. Starrett Company, Athol, MA, USA
                                           Pressing furnace                         Programat EP 5010, Ivoclar Vivadent, Amherst, NY, USA
                                           Layering furnace                           Programat P510, Ivoclar Vivadent, Amherst, NY, USA
                                          Mini-rubber bowel                                Pulpdent Corporation, Watertown, MA, USA
                         Investment ceramic machine (Microstar HS Investment)                   Jensen Dental, Murray, UT, USA
                                        Milling Unit (Roland)                              Roland DGA Corporation, Irvine, CA, USA
                                          X-ray diffraction                               Siemens D500 Bruker AXS, Madison, WI, USA

###### Distribution of samples and different surface treatments in each group

  Sample group    Samples preparations in sequence (1--5)                                                                                                                                                                           
  --------------- ----------------------------------------- ----------------------------------------------------------------------------- ---------------------------------------------------------------------------------- ------ ----
  Control         Milled and sintered                                                                                                                                                                                                
  HF              Milled and sintered                       HF                                                                                                                                                                       
  T-Lin           Milled and sintered                       Temperature protocol similar to firing of liner (without liner application)                                                                                              
  T-Lin/HF        Milled and sintered                       Temperature protocol similar to firing of liner (without liner application)   HF                                                                                         
  Lin/HF          Milled and sintered                       Liner application                                                             HF                                                                                         
  Lin/T-ML/HF     Milled and sintered                       Liner application                                                             Temperature protocol similar to manual layering of porcelain (without porcelain)   HF      
  Lin/ML/HF       Milled and sintered                       Liner application                                                             Manual layering of porcelain                                                       HF      
  Lin/ML/Ag/HF    Milled and sintered                       Liner application                                                             Manual layering of porcelain                                                       Aged   HF
  Lin/T-Prs/HF    Milled and sintered                       Liner application                                                             Temperature protocol similar to pressing porcelain (without porcelain)             HF      
  Lin/Prs/HF      Milled and sintered                       Liner application                                                             Pressing of porcelain                                                              HF      
  Lin/Prs/Ag/HF   Milled and sintered                       Liner application                                                             Pressing of porcelain                                                              Aged   HF
  Ag              Milled and sintered                       Aged                                                                                                                                                                     

HF, hydrofluoric acid.

There are three samples in each group. Each group was given different surface treatments in order from step 1 to step 5.

###### Firing schedule of the liner and layered porcelain

  Firing schedule                 DOT/min   LT/°C   SV/°C   HR/(°C·min^−1^)   VL/kPa   RV/°C   Ht in the air/min   HT/°C   CT/min
  ------------------------------ --------- ------- ------- ----------------- -------- ------- ------------------- ------- --------
  Shade base stain (CZR press)       5       700     700          65            96     1 090           1           1 090     4
  Body porcelain                   7-10      600     600          45            96      930            1            930      4

DOT, dry-out time; LT, low temperature; SV, start vacuum; HR, heat rate; VL, vacuum level; RV, release vacuum; Ht, hold time; HT, high temperature; CT, cool time.

###### Mean and standard deviations of *X*~m~, *F*~m~, and PZT for all the groups with different surface treatments

  Group sample     *X*~m~/%   *F*~m~/%   PZT/µm                
  --------------- ---------- ---------- -------- ------ ------ ------
  Control            0.00       0.00      0.00    0.00   0.00   0.00
  HF                 0.80       1.38      1.04    1.80   0.02   0.04
  T-Lin              0.00       0.00      0.00    0.00   0.00   0.00
  T-Lin/HF           0.70       1.20      0.91    1.57   0.02   0.03
  Lin/HF             8.70       4.64     11.06    5.72   0.24   0.13
  Lin/T-ML/HF        6.15       1.86      7.90    2.34   0.17   0.05
  Lin/ML/HF          5.58       0.74      7.19    0.94   0.15   0.02
  Lin/ML/Ag/HF       4.41       1.42      5.69    1.81   0.12   0.04
  Lin/T-Prs/HF       7.78       3.69      9.93    4.58   0.21   0.10
  Lin/Prs/HF         6.74       1.35      8.65    1.70   0.18   0.04
  Lin/Prs/Ag/HF     11.57       7.06     14.52    8.57   0.32   0.21
  Ag                70.25       0.26     75.58    0.23   2.84   0.02

SD, standard deviations.

Statistical difference: *X*~m~ = Ag group *vs.* all groups (*P* \< 0.000 1), Lin/Prs/Ag/HF *vs.* **c**ontrol group to T-Lin/HF group (*P* **≤** 0.004 4), Lin/HF group *vs.* T-Lin group and T-Lin/HF group (*P* = 0.035 3); *F*~m~ = Ag group *vs.* all groups (*P* \< 0.000 1), Lin/Prs/Ag/HF group *vs.* control group to T-Lin/HF group (*P* **≤** 0.003 6), Lin/HF group *vs.* T-Lin group and T-Lin/HF group (*P* = 0.026 7); PZT = Ag group *vs.* all groups (*P* \< 0.000 1), Lin/Prs/Ag/HF group *vs.* control group to T-Lin/HF group (*P* **≤** 0.005 8).
